Abstract: Since the discovery of metal chalcogenide complexes (MCCs) as capping ligands for colloidal nanocrystals (NCs) in 2009, the chemistry of inorganic ligands for NCs has provided a new paradigm for surface design of nanomaterials. Various inorganic anions including MCCs, metal-free chalcogenides, oxoanions/oxometallates, and halides/pseudohalides/halometallates have been employed to replace the original long-chain organic ligands on NCs. This ligand exchange can also be achieved through a two-step route using ligands stripping agents like HBF 4 . This review outlines recent advances in inorganically-capped colloidal NCs and details the ligand exchange process for NCs using MCCs and metal-free chalcogenides. The binding affinities of ligands to NC surface have been rationalized in terms of Pearson's hard and soft acids and bases (HSAB) principle. We also demonstrate that inorganic ligands broaden the functionality of NCs by tailoring their electro-optical properties or generating new inorganic phases through chemical reactions between nanomaterials and their surface ligands. Especially promising are the electronic, optoelectronic, and thermoelectric applications of solution-processed, inorganically-capped colloidal NCs, which substantially outperform their organically-capped couterparts.
Introduction
Nanocrystals (NCs) are the smallest functional units of inorganic solids and exhibit many intriguing size-dependent phenomena. Colloidal synthesis [1] [2] [3] of NCs provides a route to inorganic functional materials dispersed into a desired solvent for solution-processed and low-cost device fabrication [4, 5] , various biomedical applications [6] , and formation of composites [7] . Remarkably, this approach allows design of novel materials based on nano-heterostructures [8] , which integrate materials with desired bulk properties on nano-scales. Colloidally grown structures that have been realized to date include: semiconductor in semiconductor core/shell (e. g., CdSe/ZnS [9] ), metal in semiconductor core/shell (e. g., Au/PbS [10] ), magnet in semiconductor core/shell (e. g., FePt/PbS or FePt/CdSe [11, 12] ), or shape-controlled CdSe spherical core/CdS tetrapod shell [13] . Assembly of these nano-scale building blocks into three dimensional lattices offers a route to functional materials that are designed and synthesized through solution-phase chemistry [14] .
Synthesis of high-quality colloidal NCs generally involves reacting precursor compounds in the presence of surfactant species containing long-chain hydrocarbons. These molecules bind as ligands to surface atoms of the NCs thereby mediating the growth of NCs during the synthesis and stabilizing NCs in a nonpolar reaction medium after synthesis. Due to their labile nature, these ligands can be exchanged for new stabilizing layers with tailored properties. For example, native hydrophobic ligands can be exchanged for hydrophilic ones to achieve a biocompatible aqueous dispersion [15] . The use of site-selective bio-targeting molecules as ligands allows for a general method of bio-functionalization of the NC surface. In addition to affecting the interaction between NCs and the surrounding medium or other species, ligands can alter the electro-optical properties of NCs through their binding interactions with NC surface. Modifications in (i) luminescence [16] , (ii) doping of charge carries in NCs [17] , and (iii) modulation of exciton confinement [16] have been demonstrated by tuning the ligands of NCs.
Capping ligands play a crucial role in functionalizing colloidal inorganic NCs, complementing their inherent size-dependent behavior. However, the insulating nature of long-chain organic ligands renders a disadvantage in interparticle charge transport between NCs. Films cast from metallic or semiconducting NCs that retain native organic ligands are highly insulating [18] . This inefficient injection or extraction of charge carriers hinders the integration of NCs in electronic and optoelectronic devices such as solar cells, light-emitting-diodes (LEDs), photodetectors, and printable electronic circuits.
To address this issue, we introduced a new concept of inorganic ligands which included chalcogenidometallates (MCCs, Sn 2 S 6 4− , In 2 Se 4 2− , etc.) [18] [19] [20] , metal-free chalcogenides (S 2− , Se 2− , Te 2− , SCN − , etc.) [21, 22] , oxoanions/polyoxometallates (POMs) [23] , halides, pseudohalides, and halometallates [24, 25] . These inorganic species replace the native organic ligands on colloidal NC surfaces through a post-synthesis exchange process (for example, Figure 1a) . The inorganic ligands provide colloidal stability for NCs in polar solvents, can passivate surface traps, and are electronically transparent. NCs capped with inorganic ligands show dramatically enhanced electronic coupling and charge transport properties [26, 27] . Furthermore, a solid-state reaction between the NC and inorganic ligands can be designed to form semiconductor thin films of various desired compositions, starting from soluble precursors. The use of inorganic ligands provides a novel route to prepare functional NC solids. Here, we summarize the major advances in the chemical design of inorganic ligand capped colloidal NCs and NC solids for various electronic, optoelectronic, and thermoelectric applications.
Diversity of inorganic ligands

Metal-free ligands (e. g., chalcogenide ions, SCN − )
A typical ligand exchange process involves the phase transfer of colloidal NCs across the boundary of two immiscible solutions. In a typical example, a solution of organically-capped CdSe NCs is dispersed in a nonpolar solvent (toluene), and floated on a solution of an inorganic ligand such as K 2 S, dissolved in a polar solvent (e. g., formamide, FA), as shown in Figure 1b [21] . NCs transfer into the FA phase after 5 min of stirring, leaving a colorless toluene phase containing displaced organic molecules. In FA, S 2− ligands bind to the NC surfaces, displacing the original organic ligands and producing an electrostatically stabilized colloid ( Figure 1a ). Counter ions, like K + in K 2 S, do not bind to the NC surface in polar solvent colloids. They form a diffuse ionic layer surrounding the NCs and maintain overall charge neutrality. The S 2− ligands impart a net negative charge ( -potential about −30 mV) to CdSe NC surface and lead to mutual electrostatic repulsion between NCs. This effect prevents agglomeration and results in colloidal stability of NCs. In general, solvents with higher dielectric constants provide better colloidal stability. The use of short inorganic anions to stabilize colloids has been known for about 100 years (for example, I
− ion can provide colloidal stability to AgI microparticles in a polar solvent), but this strategy had not been used for modern, well- defined nanomaterials [28] . Figure 1c shows the unaltered UV-visible absorption spectra of CdSe NCs before and after ligand exchange. This implies that the size and size distribution of NCs are preserved during ligand exchange. Observation of excitonic emission ( Figure 1c ) for S 2− capped NCs suggests that the S 2− ligands can reasonably passivate the surface trap states. Fourier transformed infra-red spectra confirm complete removal of the organic ligand after the ligand exchange process [21] . Dynamic light scattering (DLS) and transmission electron microscopy (TEM) analysis also provide the evidence of a complete removal of the long-chain organic ligands from NC surface [21] . S 2− capped CdSe NCs are colloidally stable for months in inert atmosphere. However, the colloidal stability is maintained for only weeks in an ambient environment, likely due to oxidation of the ligand. Nonetheless, S 
Ambient atmosphere, hydrazine-free preparation of metal sulfide based MCC ligands was also demonstrated in environmentally benign solvents like water [19] .
A typical reaction for the synthesis of Sn 2 S 6 4− ligands is given in (2).
Using a mild thermal treatment, MCCs can transform into corresponding amorphous or crystalline metal chalcogenides. For example, (N 2 H 5 ) 4 Sn 2 S 6 decomposes into electronic grade SnS 2 after heating to 180 ∘ C, as shown in (3) [32] .
Such a transformation can be utilized for solution-processed device fabrication and will be discussed later.
The mechanism for colloidal stabilization of NCs by MCC ligands is similar to the previously discussed case of chalcogenide ligands and is represented schematically in Figure 2a . 4− capped Au NCs shows a similar plasmonic band, which completely disappears in the film (Figure 2e ), suggesting a strong delocalization of electronic states among the Au NCs [18] . The same effect is observed for quantum confined semiconductor NCs as well [18] . Figure 2f shows the absorption spectra measured in solution and thin film for CdSe NCs with organic and Sn 2 S 6 4− ligands, respectively. In the case of thin films made of inorganically-capped NCs, interparticle distance is sufficiently short to result in electronic coupling between neighboring NCs, and a concomitant red-shift and broadening of the excitonic feature is observed compared to those in the other three spectra. The Sn 2 S 6 4− capped CdSe NCs in the film can be redispersed into a polar solvent, resulting in recovery of the original excitonic feature that is observed in well separated NCs. This reversible red-shift and broadening of the absorption features can be explained by wavefunction overlap between adjacent NCs in a closely packed film of Sn 2 S 6 4− capped NCs. Annealing the Sn 2 S 6 4− capped NC film at 180 ∘ C leads to the decomposition of the ligand into SnS 2 (reaction 3), which acts as an electronic glue between adjacent NCs and enhances interparticle coupling ( Figure 2f ). Though electronic delocalization significantly increases in these NC films, their absorption onset remains substantially blue-shifted with respect to bulk CdSe. Characteristic excitonic features are also retained in thin films even after mild annealing. These observations suggest preservation of the size-dependent quantum confinement effect of individual NCs in the electronically coupled NC film. [36] that quickly etches NC surfaces [21, 34] . We employed a phase-transfer process using HBF 4 or HPF 6 as a non-oxidizing ligand-stripping agent in FA and oleic acid/oleylamine capped CdSe NCs in toluene [21] . H + cleaved the Cd-N and Cd-O bonds (scheme shown in Figure 3 ), leaving positively charged bare NCs dispersed in FA. The HBF 4 treatment was unsuccessful for alkylphosphonic acid capped NCs. In addition, the usage of HBF 4 results in a very acidic environment, limiting their application as a general ligandstripping agent. Recently, Rosen et al. reported a more generic approach for achieving bare colloidal NCs in a polar solvent: organic ligands are removed using a nonoxidizing and nonacidic reagent [37] . They deployed the superior alkylating character of Meerwein's salt (Et 3 OBF 4 ) and other trialkyloxonium salts for a rapid and efficient removal of the native organic ligands. Since trialkyloxonium salts are unreactive toward most of phases that constitute NC core, the ligand-stripping reactions were successful for various categories of NCs including indium tin oxide (ITO), doped ZnO, TiO 2 , -Fe 2 O 3 , CdSe based heterostructures, PbSe, NaYF 4 :Yb/Tm, and Ag. Very recently, we demonstrated that triphenylcarbenium tetrafluoroborate (Ph 3 CBF 4 ), where Ph 3 C + is a strong electrophile, can also be a nonoxidizing and less acidic ligand-stripping agent for colloidal NCs [23] . One advantage of Ph 3 CBF 4 compared to all the previous ligand-stripping ligands is its high hydrophobicity, which allows a convenient separation of excessive Ph 3 CBF 4 from bare NCs dispersed in polar solvents. Reproduced from [21] with permission from American Chemical Society.
Differences between the MCC and metal-free ligands
"Ligand-free" colloidal nanocrystals
All the above mentioned methodology involves post-synthesis ligand removal from NC surface. Recently, a single-step reaction preparing various ligandfree metal chalcogenide NCs has been demonstrated [38, 39] . The surfaces of these ligand-free NCs were designed to be sulfide anion-rich exhibiting negative charges. Therefore, electrostatic repulsion between NCs results in colloidal dispersion of NCs in a polar solvent. While this single-step method is simple, the size distribution of the obtained NCs is broader compared to that of NCs synthesized using typical organic ligands and solvents.
Beyond metal-free chalcogenide and MCC ligands
Metal-free chalcogenides and MCCs were the first classes of inorganic ligands deployed to stabilize colloidal NCs in polar solvents. Recently, nonchalcogenbased ligands, including oxoanions/polyoxometallates (POMs), halides, pseudohalides, and halometallates [23] [24] [25] , were developed to enrich the toolbox of surface chemistries for rational design of NCs. Besides the high stability in ambient atmosphere, these ligands broaden the functionality of NCs. resulting in the highly luminescent all-inorganic NCs. The underlying chemistry that is responsible for the observed increase in PL efficiency is still to be unraveled. However, an obvious reduction in non-radiative surface traps was observed in the PL decay profiles after cationic treatment [40] . This phenomenon of luminescence enhancement was later employed to develop luminescent sensors for toxic metal ions like Cd 2+ [41] . These ultrasensitive S (Figure 4b) . In fact, the polarity of CdTe based transistors can be tuned from -type to ambi-polar to -type by choice of inorganic ligand and cation treatment [40] . By decorating the surface of S 2− capped CdSe NCs with Mn 2+ and Pt 2+ ions, we were able to further impart magnetic and catalytic properties to the NC solid. [40] . Self-assembly of inorganically-capped colloidal NCs into ordered arrays was partly successful for Au NCs [18] but so far failed as a generic approach for other NC systems. This can be attributed to the electrostatic repulsion between similarly charged NCs and to the incompatibility of all-inorganic NCs with low boiling point nonpolar solvents commonly used in self-assembly. Kovalenko et al. solved both issues by using an inorganic-organic hybrid ion pair as the capping ligand (Figure 4c ) [42] . The counter cations (Na + or NH 4 + ) of AsS 3 3− capped NCs were replaced with hydrophobic tertiary alkylammonium ions like didodecyldimethy-lammonium (DDA + ), forming an AsS 3 3− -DDA + ion pair capping layer (Figure 4c ).
This hybrid ion pair reduced mutual electrostatic repulsion and provided colloidal stability for NCs in a variety of low boiling point nonpolar solvents. Various NC systems with this hybrid capping could easily form long-range self-assembled structures (Figure 4d) , including binary superlattices. Interestingly, the cationic surfactant in the hybrid inorganic-organic coating can be thermally decomposed at significantly lower temperatures compared to the traditional organic ligands which bind covalently to the NC surface. This thermal decomposition of hybrid coatings results in the formation of electronically coupled and long-range ordered NC solids.
Integration of NCs into inorganic hosts: bright near-IR luminescence from PbS/CdS NCs embedded in an As 2 S 3 matrix
Colloidal synthesis can provide organically-capped NCs with a tunable near-IR emission. In NC films, the IR emission gets partially quenched via excitonic energy transfer from the NC core to the vibrational modes of the organic ligands (mainly C-H stretching), and also to nearby NCs with PL quenching defects. In order to address these issues, we replaced the organic ligands from the surface of the near-IR emitting PbS/CdS NCs with inorganic As 2 S 3 3− ligands. The NCs were then incorporated into an amorphous As 2 S 3 matrix to increase the inter-NC distance [43] . Since amorphous As 2 S 3 is transparent in the near-to mid-IR region, this NC/host composite provides a bright and stable IR luminescence in the telecommunication wavelength region.
Designing novel electronic and optoelectronic devices using colloidal NCs
The properties of a NC film depend on not only the properties of individual NCs, but also on the interfaces between adjacent NCs in a film. As mentioned above, long-chain organic ligands typically used in colloidal synthesis impede facile charge transport between NCs. In previous reports, these organic ligands were removed by treating NC thin films with small molecules like 1,2-ethanedithiol [44] , hydrazine [45, 46] , methylamine [45] , NaOH [47, 48] , halide ions [49] , or formic acid [50] . Such solid-state treatments have shown a significant improvement in charge transport, but are also susceptible to crack-formation in thin films, and the incomplete removal of insulating organic species [51] . Instead, our approach ensures a complete exchange of organic ligands with inorganic ligands in solution, followed by casting the all-inorganic NCs into films applicable for various electronic and optoelectronic devices.
Field effect transistors (FETs)
FET devices provide a convenient way to study charge transport in a NC film. Typically, the highest electron mobility ( ) achieved in NC films treated with the abovementioned small molecules is ∼ 1 cm sat decreases as temperature increases, suggesting a band-like transport through extended electronic states [56] .
Typical operation voltages of NC FETs are in the range of 20-40 V, which is too high for realistic applications of NC FETs in electronic circuits and portable devices. Low-voltage operation requires a strong capacitive coupling between the channel and the gate, and can be achieved by using a thinner dielectric layer with a higher dielectric constant ( ). We demonstrated a bottom-gate, top source-drain FET similar to Figure 5a , however, replaced 100 nm SiO 2 dielectric layer ( ∼ 3.9) with 6 nm ZrO ( ∼ 9) [27] . The thin dielectric layer was deposited using a sol-gel 
Photodetectors
The photocurrent ( ph ) through the NC film at a wavelength , can be given as ph = i , where is the probability of carrier generation per exciton, is the elementary charge, is the number of absorbed photons of wavelength per unit time, and i is the internal photoconductive gain [57] . A sensitive photodetector requires a high photoconductive gain. To achieve this, the mobility of one of the charge carriers (electron or hole) should be significantly greater than that of the other. For this purpose, we used CdSe/CdS core/shell NCs [26] , where the Energy levels align such that holes are trapped in the CdSe cores while electrons move freely. Reproduced from [26] with permission from Nature Publishing Group.
band offsets of core and shell materials confine the hole inside the CdSe core, while the electron wavefunctions spread over both the core and shell [58, 59] . A film made of In 2 Se 4 2− capped CdSe/CdS NCs was sandwiched between ITO and Al electrodes [26] . Absorption of a photon within the film of core/shell structures creates an electron-hole pair. The photogenerated electrons spread over the entire NC solid and generate a photocurrent. Meanwhile, the holes are trapped inside the core of a single NC, facilitating electron injection from the Al electrode (Figure 6) . As a result, the absorption of one photon leads to multiple electrons cycling through the circuit as new electrons are injected to maintain net charge neutrality under constant electron extraction at the Al electrode. This process continues until the trapped hole recombines with a traveling electron. The ability of such a device to transmit more than one electron for each photogenerated pair of charge carriers allows for greater than unity photoconductive gain ( i ). A film of In 2 Se 4 2− capped CdSe/CdS NCs shows a very high gain, i ≥ 6.5 × 10 3 , for monochromatic 550 nm illumination, assuming ≤ 1 [26] . The high i value is attributed to two factors: (i) the high electron mobility provided by the inorganic ligand; and (ii) the optimized core/shell NC structure that traps the photogenrated minority carrier (holes). The high i leads to a normalized detectivity, * > 10
13 Jones (1 Jones = 1 cm Hz
, which is a record for II-VI NCs.
Formation of semiconductor films through solid-state reactions between NCs and inorganic ligands
The sintering of NC solids can lead to the formation of a bulk phase that maintains the composition of the solids [60] . Here we discuss the possibility of solidstate reactions between NCs and inorganic ligands that form a new bulk phase. These reactions provide a promising solution-processed route for technologically important semiconductor thin films. Apart from low-cost and simple processing, this solution-processed fabrication strategy can enable new applications such as flexible electronic devices. [61, 62] . Soluble molecular precursors such as organometallic compounds and hydrazinium chalcogenidometallates (hydrazinium MCCs), have previously been used in preparation of films of corresponding semiconductors [63] [64] [65] . For instance, MCC precursors decompose at an elevated temperature, forming desired inorganic phases in thin films. However, a large weight loss (≥ 25%) typically occurs during the decomposition of precursors, generating cracks and resulting in undesirable film morphology. As an alternative to these molecular precursors, we used the combination of colloidal NCs and their inorganic ligand molecules as precursors for desired inorganic phases through solid-state reactions [66] . To prepare CIS from soluble pre- This is slightly lower than the weight loss in the molecular precursor approach (≥ 25%), but still large enough for the formation of discontinuous thin films and small grain sizes. In order to improve the "atom economy" and increase the grain size of semiconductors, there needs to be a reduction in the amount of MCC ligands in the precursor solution to reduce the weight loss. To achieve this, CuInSe 2 NCs were mixed with only 0.1 molar equivalent of {In 2 Cu 2 Se 4 S 3 } 3− ligands as a soluble precursor for growing CIS thin film. After annealing the film at 500 ∘ C, a mere 2.6%
CuInSe
weight loss was observed accompanied with the formation of the CIS phase with large grain sizes [66] . ZT value ∼ 4 is desired for commercial deployment beyond some niche applications [67] . Nanostructured materials are expected to possess high ZT through (i) the lowering of because of phonon scattering at the grain boundaries while not significantly decrease ("electron crystal-phonon glass") [68] , and (ii) the enhancement of due to quantum confinement [69] or through energy filtering [70] . Nanostructured TE materials are generally prepared using molecular beam epitaxy [71] and high temperature solid-state process or reactions [72, 73] (Figure 8b ).
Conclusions and outlook
Ligand chemistry of NC surface offers a promising route to a wide variety of novel materials and potential applications. From a scientific perspective, a broad scope of inorganic anions (chalcogen-, oxo-, halogen-, and even pnicogen-based) can serve as surfactants for NCs, allowing tunable surface properties (charge, hydrophilicity, interaction between NCs and between NCs and the medium, etc.). The binding affinities of inorganic ligands to NC surface can be qualitatively predicted by the HSAB theory. Moreover, the introduction of inorganic ligands to NCs allows for a rational design of nano-and micro-scale materials through doping or solid-state synthesis. For instance, annealing Sb 2 Te 3 -MCC capped Bi 2 S 3 nanorods leads to the formation of Bi 2− Sb Te 3 phase, and a further doping of Bi 2− Sb Te 3 with Se can be accomplished using Sb 2 Se 3 -MCCs. In addition, the improved coupling in inorganically capped NC solids facilitates the study of collective behavior and interfacial properties of adjacent NCs, complementing prior body of knowledge about the interfacial behavior of bulk and micro-scale solids. From a practical perspective, exchange of organic ligands for short inorganic species is particularly advantageous for applications requiring efficient electronic communication between neighboring NCs, as evidenced by the much improved charge carrier mobility in thin films made of inorganically capped NCs. Furthermore, the integra-tion of NCs and inorganic ligands broadens the range of functionality of NCs besides their size-dependent electronic and optical properties. The functionalized NCs have represented promising performance in various applications, including photovoltaics, photodetection, thermoelectrics, and photocatalysis.
